RNA silencing is a fundamental mechanism to maintain plant growth and development, and regulation of the size distribution of small interfering RNAs (siRNAs) is critical in the control of normal gene expression throughout a plant's life cycle. However, the cause of organ-and developmental stage-specific accumulation of siRNAs has never been reported. Whereas 24 nt siRNAs accumulated about 5.3-fold more than 21 nt siRNAs in Arabidopsis rosette leaves, 21 and 24 nt siRNAs accumulated to similar levels in Arabidopsis pollen grains, rice spikelets and maize anthers. We successfully detected two distinct double-stranded RNA (dsRNA)-cleaving activities that produced 21 and 24 nt RNAs in cell-free extracts prepared from various organs at different developmental stages of A. thaliana, Brassica rapa, rice and maize. Although DCL4 transcript was expressed more than DCL3 transcript in most organs, the 21 nt RNA-producing activity of DCL4 or its orthologs was very low and was 5-to 10-fold lower than the 24 nt RNA-producing activity of DCL3 or its orthologs particularly in leaves, indicating that DCL4 activity is negatively regulated translationally or posttranslationally in leaves. High dicing activity of DCL3 and DCL4 was detected in immature inflorescences, developing seeds, germinating embryos and callus, all of which contain actively dividing cells. In various organs at different developmental stages, the size distribution of siRNAs was positively correlated with the dicing activity of two Dicers, DCL3 and DCL4, or their orthologs. Taken together, the size distribution of siRNAs in most organs is primarily determined by the dicing activity of DCL3 and DCL4.
Introduction
RNA silencing is a fundamental mechanism that has been conserved in most eukaryotes to regulate gene expression. In plants, small RNAs (sRNAs), which are 21-24 nt in length and are classified into microRNA (miRNA) and small interfering RNA (siRNA) depending on their origin, trigger RNA silencing pathways (Borges and Martienssen 2015) . Whereas 24 nt sRNAs induce transcriptional gene silencing (TGS), 21 and 22 nt sRNAs induce post-transcriptional gene silencing (PTGS). The endoribonucleases known as Dicers or DICER-LIKE proteins (DCLs) produce miRNAs and siRNAs from single-stranded RNA (ssRNA) precursors with internal stem-loop structures and long double-stranded RNA (dsRNA) precursors, respectively (Fukudome and Fukuhara 2017) . Therefore, the enzymatic activity of sRNA-producing enzymes, Dicers or DCLs, is crucially important in the regulation of gene expression involved in many biological processes, such as development, organogenesis, reproduction, biotic and abiotic stress responses, and defense against viruses and transposons (Borges and Martienssen 2015) .
The model plant Arabidopsis thaliana has four DCLs (AtDCL1-AtDCL4) Martienssen 2015, Fukudome and Fukuhara 2017) . AtDCL1 produces miRNAs from single-stranded pre-miRNA transcripts that contain internal stem-loop structures, and most of these miRNAs have important functions in plant growth, development and reproduction (Park et al. 2002 , Schauer et al. 2002 . The other three DCLs (AtDCL2-AtDCL4) produce 22, 24 and 21 nt siRNAs, respectively, from long perfect dsRNA precursors (Xie et al. 2004 , Henderson et al. 2006 . Both AtDCL3 and AtDCL4 have crucial functions in vivo: the products of AtDCL3, 24 nt siRNAs, function in TGS via RNA-directed DNA methylation (RdDM) to suppress the activation of transposons, while the products of AtDCL4, 21 nt siRNAs, function in PTGS via sequence-specific mRNA cleavage to regulate gene expression and offer defense against viral infections (Borges and Martienssen 2015) . In addition, in monocotyledonous plants such as rice (Oryza sativa) and maize (Zea mays), DCL3b, also known as DCL5, produces 24 nt phased siRNAs (phasiRNAs) (Song et al. 2012 , Komiya 2017 . In Poaceae plants, numerous 24 and 21 nt phasiRNAs, which are produced by DCL4, show specific accumulation during reproductive stages, including meiosis and gametogenesis (Komiya et al. 2014 , Zhai et al. 2015b , Fei et al. 2016 . However, the functions of these 21 and 24 nt phasiRNAs in plant reproduction still need to be elucidated.
Recently, contributing towards the progress of nextgeneration sequencing (NSG) technology, many articles have been published that include sRNA sequencing (sRNA-seq) data sets by NGS analysis. These sRNAs were isolated from various organs or tissues at different developmental stages or under various growth conditions, including those which underwent biotic and abiotic stresses. The organ-(or tissue-) and developmental stage-specific accumulation and size distribution of sRNAs have been described. For instance, 24 nt siRNAs form the majority of siRNA species in the leaf tissue of many plant species, including A. thaliana (Kasschau et al. 2007) , while 21 nt siRNAs accumulate to similar levels to 24 nt siRNAs during gametogenesis in the developing inflorescences of rice and maize (Zhai et al. 2015b , Fei et al. 2016 . However, the cause of the organ-and developmental stagespecific accumulation of sRNAs remains unknown. The accumulation of sRNA in various organs and tissues at different developmental stages is theoretically affected by many factors, such as the dsRNA-producing activity of RNA polymerases and RNA-dependent RNA polymerases, the sRNA-producing activity of DCLs, the sRNA-stabilizing activity of Argonaute proteins (AGOs), sRNA methyltransferase (HEN1) and sRNA nucleotidyl transferase (HESO1), and the sRNA-degrading activity of sRNA-degrading nuclease 1 (SDN1) (Borges and Martienssen 2015) . Among these factors (proteins), the sRNA-producing activity of four or five DCLs may be most important in the accumulation of sRNA because the activity of the former directly affects the level of the latter.
In this study, we analyzed the size distribution of siRNAs in various organs and tissues at different developmental stages from available NGS data sets of A. thaliana, rice and maize, and biochemically detected two distinct dsRNA-cleaving activities to produce 21 and 24 nt siRNAs from 50 nt dsRNA (activity of AtDCL4 and AtDCL3 in A. thaliana) in cell-free extracts prepared from various organs and tissues at different developmental stages of A. thaliana, Brassica rapa, rice and maize using our original Dicer assay method (Fukudome et al. 2011 , Nagano et al. 2014 , Seta et al. 2017 . A comparison of the size distribution of siRNAs with dicing activity of two Dicers (AtDCL4 and AtDCL3), or their orthologs, indicated that the former was positively correlated with the latter. The size distribution of siRNAs in most organs is primarily determined by the dicing activity of two Dicers, DCL3 and DCL4, or their orthologs.
Results
Accumulation of 21 and 24 nt siRNAs is correlated with the dicing activity of AtDCL4 and AtDCL3 rather than their transcript levels in A. thaliana Available sRNA-seq data sets in various organs at different developmental stages of many plant species, especially the model plant A. thaliana, by NGS are increasingly being deposited in public databases (Autran et al. 2011 , Weiberg et al. 2013 , F. Wang et al. 2016 , X. Wang et al. 2016 , Borges et al. 2018 .
We utilized public databases to analyze raw sRNA-seq data sets to compare the size distribution of siRNAs in various organs (Fig. 1A) . Since we found that sRNA-seq data sets contain considerable amounts of miRNA reads, such as about 5% of all sRNA reads and about 40% of all 21 nt sRNA reads, the size distribution of siRNAs was constructed using all sRNA reads minus miRNA reads (Fig. 1A) . We found that 24 nt siRNAs were the most abundant in almost all organs except for pollen (Fig. 1A) .
To understand the reason for the differential size distribution of siRNAs in each organ, we compared the accumulation of four AtDCL (AtDCL1-AtDCL4) transcripts by using available RNA-seq data sets in public databases. The AtDCL3 transcript accumulated the least among the four AtDCL transcripts in most organs (Fig. 1B) . Curiously, even though AtDCL3 was expressed the least among the four AtDCL genes (Fig. 1B) , 24 nt siRNAs, which are produced exclusively by AtDCL3, accumulated the most in almost all organs (Fig. 1A) . Of note, in the rosette leaf, the 24 nt siRNA/21 nt siRNA ratio was highest among all organs (Fig. 1A) but the DCL3 mRNA/DCL4 mRNA ratio was lowest (Fig. 1B) . These results allowed us to hypothesize that some post-transcriptional and/or post-translational regulation of the siRNA-producing activity of AtDCLs must exist, and that such regulation may explain the discrepancy between the organ-specific size distribution of siRNAs (Fig. 1A) and the organ-specific accumulation of mRNA of AtDCL genes (Fig. 1B) .
We previously established a simple biochemical method to detect simultaneously the dicing activity of AtDCL3 and AtDCL4 which produce 24 and 21 nt RNAs, respectively, by using 50 nt dsRNA as a substrate and a cell-free extract of Arabidopsis seedlings as the enzyme fraction (Fukudome et al. 2011 , Nagano et al. 2014 , Seta et al. 2017 . We thus tried to detect, and compare, the activity of AtDCL3 and AtDCL4 in crude extracts prepared from various organs at different developmental stages, such as seedlings, rosette leaves, inflorescences, silique and callus of A. thaliana (Fig. 1C) . A high 21 and 24 nt RNA-producing activity by AtDCL4 and AtDCL3, respectively, was detected in the crude extracts prepared from inflorescences, but only AtDCL3 activity was detected in the rosette leaf. No AtDCL3 or AtDCL4 activity was detected in siliques. These results indicate that AtDCL3 is constitutively active in most organs except for the silique, whereas AtDCL4 is active in organs that contain actively dividing cells, such as the inflorescence and callus (Fig. 1C) .
The accumulation of 21 and 24 nt siRNAs, the mRNA levels of AtDCL3 and AtDCL4, as well as the dicing activity of AtDCL3 and AtDCL4 were compared with each other (Fig. 1D ). This analysis indicated that the accumulation of 21 and 24 nt siRNAs was correlated with the dicing activity of AtDCL4 and AtDCL3 rather than their transcript levels (gene expression) in various organs. It is reasonable to assume that the dicing activity of AtDCL3 and AtDCL4, rather than their gene expression levels, directly affected the extent of production and accumulation of 21 and 24 nt siRNAs. Among three different organs, seedling, rosette leafand inflorescence, the siRNA ratios (24 nt/21 nt) in seedling and rosette leaves are similar to the ratios of dicing activity (DCL3/DCL4) in seedling and rosette leaves (Fig. 1D) . Because an Arabidopsis flower (inflorescence) is a small compound organ that consists of a pistil, stamens, petals and sepals, it may not be suitable for examining the relationship between the organ-specific siRNA accumulation and the organ-specific dicing activity. The dicing activity of two DCLs and siRNA accumulation in inflorescences were analyzed by using B. rapa, rice and maize, all of which have larger inflorescences than A. thaliana, and the results will be discussed later.
Both AtDCL3 and AtDCL4 are activated by callus induction
AtDCL4 activity was higher than AtDCL3 activity only in callus (Fig. 1C) . We thus decided to analyze the relationship between AtDCL activity and the concentration of applied plant hormones, auxin (2,4-D) and cytokinin (kinetin), which are necessary for callus induction in callus-inducing medium (CIM). In callus derived from hypocotyls and roots, the activity of both AtDCL3 and AtDCL4 increased as the concentration of 2,4-D and kinetin increased, and AtDCL4 activity was more sensitive to plant hormone concentration than AtDCL3 activity ( Fig. 2A, B) . These results are consistent with the finding that AtDCL3 is constitutively active but AtDCL4 is only active in dividing cells (Fig. 1C) . Gene expression (transcript levels) of both AtDCL3 and AtDCL4 was up-regulated by callus-inducing conditions (Fig. 2C) . Consequently, the activity of both AtDCL3 and AtDCL4 was up-regulated.
High dicing activity of BrDCL3 and BrDCL4 detected in B. rapa reproductive organs
In A. thaliana, the activity of AtDCL3 and AtDCL4 was highest in the inflorescence (flower) among the adult organs examined (Fig. 1C) . However, a flower is a compound organ that consists of a pistil, stamens, petals and sepals. To identify which organ displays high DCL activity, we used rapeseed (B. rapa) for the Dicer assay because it has a relatively larger inflorescence than A. thaliana. Crude extracts were prepared from B. rapa reproductive organs using the same method that was used to prepare crude extracts from A. thaliana seedlings. An attempt was made to detect the dicing (dsRNA-cleaving) activity in these extracts using 50 nt dsRNA as the substrate. Two distinct dicing activities that produced 21 and 24 nt RNAs were successfully detected ( Fig. 3A ; Supplementary Fig. S1 ). A high 21 and 24 nt RNA-producing activity was detected in extracts prepared from pistils, siliques and flower buds, but only 24 nt sRNA-producing activity was detected in extracts prepared from stamens, petals and leaves ( Fig. 3A; Supplementary Fig. S1 ).
We deduced that these two dicing activities that produced 21 and 24 nt RNAs were derived from B. rapa orthologs of AtDCL4 and AtDCL3, respectively. To examine this possibility, immunoprecipitates were purified from B. rapa crude extracts by anti-AtDCL3 and anti-AtDCL4 antibodies, respectively (Nagano et al. 2014 , Seta et al. 2017 , and used as enzyme fractions for the Dicer assay. Cleaved products of 24 and 21 nt RNA, respectively, were detected (Fig. 3B) . These results indicate that our Dicer assay method to detect the dicing (dsRNA-cleaving) activity of AtDCL3 and AtDCL4 is applicable to various organs and tissues from plant species other than A. thaliana. The B. rapa orthologs were named as BrDCL3 and BrDCL4 as they had similar enzymatic properties to A. thaliana AtDCL3 and AtDCL4.
The level of BrDCL3 and BrDCL4 transcripts was examined by quantitative real-time PCR (qRT-PCR). Both BrDCL3 and BrDCL4 were constitutively expressed in stamens, petals, leaves and pistils (Fig. 3C) . In both B. rapa and A. thaliana, however, BrDCL4 activity was not detected in leaves, whereas BrDCL4 transcript accumulated in leaves to the same level as the BrDCL3 transcript. These results are similar to the relationship between AtDCL4 activity and its mRNA level in A. thaliana (Fig. 1) , suggesting that the dicing activity of BrDCL4 in B. rapa leaves is also post-transcriptionally or post-translationally regulated (inhibited).
High dicing activity of BrDCL3 and BrDCL4 was detected in developing seeds
Even though AtDCL3 and AtDCL4 activity was not detected in A. thaliana siliques (Fig. 1C) , high dicing activity of both BrDCL3 and BrDCL4 was detected in B. rapa siliques (Fig. 3A) . We hypothesize that this difference between the dicing activity in A. thaliana siliques (Fig. 1C) and B. rapa siliques (Fig. 3A) resulted from different maturation stages of the siliques that were collected for the Dicer assay: mature siliques from A. thaliana (Fig. 1C) but small developing siliques from B. rapa (Fig. 3A) . Developing and mature seeds were collected from developing and mature siliques from a single B. rapa inflorescence (Fig. 4A) , and then the dicing activity (Fig. 4B, C) and transcript level of BrDCL3 and BrDCL4 (Fig. 4D) were analyzed using crude extracts prepared from developing (No. 1) to mature (No. 6) seeds (Fig. 4A) . Both 21 and 24 nt sRNA-producing activities of BrDCL4 and BrDCL3 from developing seeds in small immature siliques (Nos. 1-3 in Fig. 4A ) were high (Fig. 4B, C) and similar to those from pistils (Fig. 3A) . The activity of both Dicers gradually decreased (Fig. 4B, C) as seeds matured (from No. 1 to 6 in Fig. 4A) . Moreover, the level of transcripts of both BrDCL3 and BrDCL4 also gradually decreased (Fig. 4D) , indicating that changes in activity of BrDCL3 and BrDCL4 were correlated with changes in their mRNA levels.
A positive correlation between the accumulation of 21 and 24 nt siRNAs in developing spikelets and distinct siRNA-producing activity of two putative Dicers in developing panicles of rice Since some reports indicate that both 21 and 24 nt siRNAs play important roles in meiosis and gametogenesis (Slotkin et al. 2009 , Olmedo-Monfil et al. 2010 , Calarco et al. 2012 . In B. rapa pistils and flower buds, BrDCL3 and BrDCL4 display high 21 and 24 nt RNA-producing activity, respectively ( Fig. 3A ; Supplementary Fig. S1 ). The size distribution of siRNAs during spikelet (flower) maturation was extensively analyzed by Fei et al. (2016) , who discussed the functions of 21 and 24 nt siRNAs (phasiRNAs) during spikelet maturation. The size distribution of siRNAs in the three maturation stages of rice spikelets was analyzed from raw data sets (Fei et al. 2016) , indicating that the accumulation of 24 nt siRNAs was constitutively high, while that of 21 nt siRNAs was low at an early stage (Stage 3 in Fig. 5A ) but high in middle and late stages (Stages 5 and 7 in Fig. 5A) .
We attempted to detect dsRNA-cleaving activity in various rice organs. High distinct dicing activity that produced 21 and 24 nt RNAs was detected in germinating embryos and inflorescences (panicles), but only one dicing activity that produced 24 nt sRNA was detected in leaves (Fig. 5B, C) . These two dicing activities producing 21 and 24 nt RNAs in rice are likely to be derived from OsDCL4 and OsDCL3a and/or OsDCL3b (also known as OsDCL5), respectively (Song et al. 2012 , Komiya 2017 . In both monocotyledonous and dicotyledonous plants, two distinct Dicers (DCLs) producing 21 and 24 nt siRNAs, generally referred to as DCL4 and DCL3 (DCL3a and/or DCL3b in monocotyledonous plants), respectively, were active in organs that contain dividing cells such as an inflorescence or germinating embryo, but only one Dicer that produced 24 nt siRNA (DCL3) was active in developed organs such as leaves and petals (Figs. 1, 3, 5) . A positive correlation between the accumulation of 21 and 24 nt siRNAs in developing anthers and distinct siRNA-producing activity of two putative Dicers in developing tassels of maize Zhai et al. (2015b) extensively studied the size distribution of siRNAs (phasiRNAs) that accumulated during anther maturation and discussed the functions of 21 and 24 nt phasiRNAs in maize male gametogenesis. siRNA accumulation profiles at four developmental stages during maize anther development were analyzed from raw data sets (Zhai et al. 2015b) (Fig. 6A) . Earlier stages of anther development displayed greater ratios of 21 nt siRNA and 24 nt siRNA relative to all siRNAs (Fig. 6A) . Two distinct dsRNA-cleaving activities were detected in the developing maize tassel and ear. High 21 and 24 nt RNAproducing activity was detected in immature tassels (Fig. 6B) , which contain immature male flowers with developing anthers (Fig. 6A) . The high ratios of accumulation of 21 and 24 nt siRNAs relative to all siRNAs ranging from 18 to 30 nt in length in developing anthers (Fig. 6A) were positively correlated with high 21 and 24 nt siRNA-producing activities in immature tassels (Fig. 6B) .
High 21 and 24 nt siRNA-producing activity was also detected in immature ears (Fig. 6C) . Unlike 21 nt siRNAproducing activity, which gradually increased, 24 nt siRNAproducing activity gradually decreased. No sRNA-seq data sets from female maize flowers are available, so we could not evaluate the relationship between these two siRNA-producing activities and the accumulation of siRNA during female gametogenesis.
Discussion
The organ-and developmental stage-specific accumulation of sRNAs has been demonstrated from sRNA-seq data sets in many plant species (Kasschau et al. 2007 , Autran et al. 2011 , Weiberg et al. 2013 , Zhai et al. 2015b , Fei et al. 2016 , F. Wang et al. 2016 , X. Wang et al. 2016 , Borges et al. 2018 . In this study, we analyzed raw sRNA-seq data sets to focus on 21 and 24 nt siRNAs, which mainly accumulate in most organs at different developmental stages. The 24 nt siRNAs accumulated about 5.3-fold more than 21 nt siRNAs in Arabidopsis rosette leaves (Fig. 1A) , whereas these siRNAs accumulated to a similar level in Arabidopsis pollen grains (Fig. 1A) , rice spikelets (Fig. 5A ) and maize anthers (Fig. 6A) . However, the reason for the organand developmental stage-specific accumulation of 21 and 24 nt siRNAs has never been discussed. Here we demonstrated for the first time that the organ-and developmental stage-specific accumulation of siRNAs is likely to be caused by the siRNAproducing activity of two distinct Dicers, DCL3 and DCL4, or their orthologs (Figs. 1C, 5C , 6B). We demonstrated that the activity of both DCL3 and DCL4 (24 and 21 nt siRNA-producing activity) was high in immature inflorescences with developing flowers (Figs. 1, 3 , 5, 6), developing seeds (Fig. 4) , germinating embryos (Fig. 5) and callus (Fig. 2) , all of which could be identified as organs with high cell potency and with active cell division. In callus and developing seeds, since DCL3 and DCL4 transcript levels were up-regulated, the high 21 and 24 nt siRNA-producing activity by DCL4 and DCL3, respectively, is likely to be regulated by the transcriptional level (Figs. 2, 4) . In callus, the concentrations of two phytohormones, auxin and cytokinin, affected their transcript level and dicing activity (Fig. 2) , suggesting that some phytohormones may regulate the accumulation of siRNA via the transcript levels of DCL3 and DCL4.
In contrast, in developed organs such as mature leaves, only DCL3 (24 nt siRNA-producing) activity was stably high, whereas DCL4 (21 nt siRNA-producing) activity was very low or undetectable (Figs. 1C, 3A , 5B). We demonstrated that the organ-and developmental stage-specific accumulation of siRNAs is positively correlated with the siRNA-producing activity of two Dicers in A. thaliana, rice and maize. However, the level of mRNA expression of DCL3 and DCL4 was not correlated with their dicing activity in the leaves of A. thaliana and B. rapa (Figs. 1, 3) . These results suggest that these two DCLs may be differentially regulated post-transcriptionally and/or posttranslationally. Since we recently demonstrated that the dicing activity of AtDCL3 and AtDCL4 is post-translationally regulated by inorganic phosphate and the redox state, respectively (Seta et al. 2017) , DCL4 is probably regulated (inhibited) by an unknown mechanism(s) in an organ-and developmental stage-specific manner.
Two distinct siRNA-producing (dicing) activities were detected in developing rice panicles (flowers): 24 nt siRNAproducing activity was stably high but 21 nt siRNA-producing activity gradually increased as flowers matured (Fig. 5C) . The changes in these two siRNA-producing activities during flower development were positively correlated with the size distribution of siRNAs during spikelet (flower) development (Fig. 5A ) (Fei et al. 2016) . Also in developing maize tassels, the high accumulation ratios of 21 and 24 nt siRNAs to all siRNAs in young anthers (Fig. 6A) were positively correlated with high 21 and 24 nt siRNA-producing activities in young tassels (Fig. 6B) . Therefore, in rice, maize and A. thaliana, the organ-and developmental stage-specific accumulation of 21 and 24 nt siRNAs must be caused by the distinct siRNA-producing activity of two putative Dicers (DCLs).
We established a simple method (the Dicer assay) to detect simultaneously the dicing (dsRNA-cleaving) activity of AtDCL3 and AtDCL4 in cell-free extracts of Arabidopsis seedlings, and demonstrated that their enzymatic properties differ markedly in vitro, with AtDCL3 and AtDCL4 preferentially cleaving short and long dsRNAs, respectively (Fukudome et al. 2011 , Nagano et al. 2014 . Our biochemical results (Nagano et al. 2014 ) are consistent with reports that indicate that RNA polymerase IV (Pol IV)-dependent RNAs, which are the precursors of 24 nt siRNAs produced by AtDCL3, are short ssRNAs of 30-40 nt in length in vivo (Blevins et al. 2015 , Zhai et al. 2015a , and that AtDCL4 mainly cleaves most viral dsRNAs >1,000 bp into 21 nt siRNAs in vivo (Blevins et al. 2006 , Deleris et al. 2006 , Donaire et al. 2009 ).
In Dicer assay, crude extracts prepared from plant organs (tissues) are used as enzyme fractions, so in vitro Dicer activity could be directly influenced by in vivo conditions. However, the inconsistency between the siRNA accumulation in vivo and in vitro Dicer activity might arise because the substrate dsRNA for Dicer assay in this study was only one type of 50 nt dsRNA. As reported in our previous paper (Nagano et al. 2014) , 50 nt dsRNA is a good substrate for both AtDCL3 and AtDCL4 because both of them can cleave it well, and AtDCL3 and AtDCL4 preferentially cleave short and long dsRNAs, respectively. Therefore, even in organs (tissues) with strong AtDCL4 activity in vivo, 24 nt siRNAs may accumulate more than 21 nt siRNAs if short substrate dsRNAs of 30-40 nt are abundant. The reason that 21 nt siRNAs accumulated to a lower level than 24 nt siRNAs despite the high activity of AtDCL4 in Arabidopsis inflorescence (Fig. 1A, C) may be under a constraint of the in vitro Dicer assay.
Some reports demonstrated that DCL3 is localized and functions in the nucleus (Xie et al. 2004 , Pontes et al. 2006 . In this study, however, high dicing activity of DCL3 was constitutively detected from various organs at different developmental stages by our Dicer (dicing) assay (see the Materials and Methods), in which the enzyme fraction must consist mostly of cytoplasmic crude extracts (Fukudome et al. 2011) . It is inferred from the results here that DCL3 is also localized in the cytoplasm as well as the nucleus.
A complex purification step for isolating DCL proteins from plant tissues, antibodies, or recombinant protein and DNA techniques are not necessary for our Dicer assay, so this method could be a useful strategy to detect dicing activity (siRNA-producing activity) from any tissues or organs of any plant species. Here we demonstrated for the first time that two distinct dicing activities that produced 21 and 24 nt RNAs were detected in monocotyledonous plants, rice and maize. These two dicing activities must have originated from DCL4 and DCL3 (DCL3a and/or DCL3b), respectively, because their organ and developmental stage specificity was similar to the activity detected in A. thaliana (AtDCL4 and AtDCL3) and B. rapa (BrDCL4 and BrDCL3). In rice and maize, numerous 21 and 24 nt phasiRNAs accumulate specifically during reproductive stages of flower development, including meiosis and gametogenesis, where they are produced by DCL4 and DCL3b (also known as DCL5), respectively (Johnson et al. 2009 , Song et al. 2012 , Zhai et al. 2015b . Although the functions of phasiRNAs still need to be elucidated, they must surely play important roles in meiosis and gametogenesis (Komiya et al. 2014 , Ono et al. 2018 . In this study, we detected two high dicing activities in developing rice panicles (Fig. 5) , maize tassels and ears (Fig. 6 ) that produced 21 and 24 nt siRNAs, and must be two phasiRNA-producing activities that originated from DCL4 and DCL3b (DCL5), respectively. Therefore, our Dicer assay method may be useful for analyzing phasiRNA biogenesis during meiosis and gametogenesis in monocotyledonous plants. Therefore, this method may certainly be useful for detecting the dicing activity of putative Dicers from any plant without any genomic information. Since unique epigenetic phenomena and siRNA profiles have been discovered from gymnosperms, mosses and fungi (Pikaard and Mittelsten Scheid 2014) , this method is promising for investigating the functions of 21 and 24 nt siRNAs in diverse plant species.
Materials and Methods

Plant materials and growth conditions
Arabidopsis (Col-0) plants were grown in pots or on Murashige and Skoog (MS) agar medium (Murashige and Skoog 1962) in a controlled-environment chamber under the following conditions: 40-50 mmol photons m -2 s -1 irradiance, 16 h light and 8 h dark, 22 C after 3 d at 4 C. Rapeseed plants (B. rapa) were grown in pots in a controlled-environment chamber at 24 C.
Rice plants (cv. Nipponbare) were grown in a paddy field of the university farm. The maturation process (stage) of rice germ cells, including meiosis, was estimated by panicle length (Hoshikawa 1989 ) and spikelet length (Zhang et al. 2011 , Fei et al. 2016 , respectively. For instance, meiosis occurs in a spikelet 2.5-3 mm long (Stage 7) and in a panicle 6-8 cm long (Hoshikawa 1989 , Zhang et al. 2011 , Fei et al. 2016 .
Maize plants (cv. SnowDent) were grown in a field of the university farm. Maize is a monoecious plant with large male and female inflorescences (tassel and ear, respectively), and germ cell maturation stages, including meiosis, were also estimated by the lengths of the tassel and ear (Tranel 2007) . Anthers 0.4, 1.5 and 3.0 mm in length correspond to cell fate specification, meiosis and uninucleate microspore stages, respectively (Zhai et al. 2015b ).
Callus induction
The tissue culture methods for A. thaliana are described in Ohtani et al. (2013) . Two-week-old hypocotyls and roots were incubated on CIM that was prepared using MS agar medium with various concentrations of 2,4-D (0-4 mg l 
dsRNA preparation
Preparation of [g-32 P]ATP-labeled dsRNAs of 50 nt in length was described previously (Seta et al. 2017 ).
Dicer (dicing) assay
The Dicer (dicing or dsRNA-cleaving) assay was performed as described previously (Nagano et al. 2014) . Plants were collected and homogenized in 6 g ml -1 extraction buffer containing 20 mM Tris-HCl (pH 7.5), 4 mM MgCl 2 , 5 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mg ml -1 leupeptin and 1 mg ml -1 pepstatin A at 4 C. Homogenates were centrifuged twice at 20,000Â g at 4 C for 10-15 min to remove debris, and the supernatant, in which the protein concentration was about 12-14 mg ml -1 , was collected as a crude extract (Fukudome et al. 2011) .
32 P-labeled 50 nt dsRNA with a 3 0 2 nt overhang (final concentration about 0.5 nM) was incubated with 15 ml of crude extracts at 22 C for 1-2 h in dsRNA-cleaving buffer containing 30 mM Tris-HCl (pH 7.5), 50-mM NaCl, 4-mM MgCl 2 and 5-mM ATP. Additionally, 0.5 ml of RNaseOUT (Invitrogen) was added to each 20 ml reaction. After incubation, the cleavage products were purified by phenol/chloroform, separated by 15% denaturing PAGE with 8 M urea, and detected by autoradiography.
Quantification of 21 and 24 nt RNA products was calculated from relative band intensities measured with a Typhoon FLA 7000 image analyzer (GE Healthcare). The 21 nt RNA-producing activity (DCL4 activity) was calculated from autoradiographs as the band intensity of 21 nt RNA relative to the total intensity of all bands (21 nt/all bands) in each lane, while 24 nt sRNA-producing activity (DCL3 activity) was calculated as the band intensity of 24 nt RNA relative to the total intensity of all bands (24 nt/all bands) in each lane (Nagano et al. 2014 ).
Quantitative real-time PCR
Total RNAs were extracted from various plant tissues by using the Trizol reagent following the manufacturer's protocol (Thermo Fisher Scientific). cDNAs were produced from total RNAs by a PrimeScript RT reagent Kit with gDNA Eraser (TAKARA), and qRT-PCR was performed by a Thermal Cycler Dice Real Time System with a SYBR Premix Ex Taq II kit (TAKARA). Transcript levels were normalized to ACTIN2 (ACT2). Primers for qRT-PCR were selected by the Primer3Plus program (http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi/) with TAIR (http://arabidopsis.org/index.jsp) for A. thaliana and by the Brassica Database (http://brassicadb.org/brad/index.php) for B. rapa. The accession numbers of ACT2, DCL3 and DCL4 in B. rapa are Bra037560, Bra019456 and Bra029260, respectively. Primers are listed in Supplementary Table S1 .
Data analysis for sRNA-seq and RNA-seq Arabidopsis raw data files of sRNA-seq were obtained as SRA files; seedling, SRR2721746 (Wang et al. 2016a ); rosette leaf, SRR786985 (Weiberg et al. 2013) ; inflorescence, SRR3222445 (Wang et al. 2016b) ; ovule, SRR185818 (Autran et al. 2011) ; and pollen, SRR6208912 (Borges et al. 2018) . SRA files were converted into fastq files using the SRA TOOLKIT (http://www.ncbi.nlm.nih.gov/Traces/ sra/sra.cgi? view=toolkit_doc). Adaptor sequences were removed by using the CUTADAPT program (Martin 2011 ). Low quality reads were removed by using the 'fastq_quality_trimmer' and 'fastq_quality_filter' programs in the FASTX TOOLKIT package (http://hannonlab.cshl.edu/fastx_toolkit/), and reads shorter than 15 nt were also removed. Total sRNA reads were obtained by mapping on the reference genome (TAIR10) using Bowtie2 Ver.2.3.3.1 (Langmead and Salzberg 2012) , in which miRNA reads were identified by using miRBase (http://www.mirbase.org/). siRNA reads were then obtained from total sRNA reads minus miRNA reads. The size distributions of siRNAs of 18-30 nt in length were normalized as kiloreads per million (KRPM). These analyses were performed on the Shirokane4 supercomputer at the University of Tokyo.
The size distributions of siRNAs in rice spikelets (SRP068966; Fei et al. 2016 ) and maize anthers (SRP032955; Zhai et al. 2015) were calculated by referring to the Dr. Blake Meyers laboratory website (http://www.meyerslab.org/).
The accumulation of mRNA of four AtDCLs from various A. thaliana organs was assessed by ThaleMine on Araport11 (https://www.araport.org/), and then normalized as transcripts per million (TPM).
